Abstract-Electrical stimulation (ES) profoundly affects angiogenesis by modulating the production of angiogenic factors. We evaluated the effect of sensory (direct current, 600 microamperes) and motor (monophasic pulse current, 2.5 to 3 milliamperes, 300-microsecond pulse duration, 100 Hz) intensities of cathodal current on the release of fibroblastic growth factor-2 (FGF-2) at the wound site and also the biomechanical and histological properties of healed skin. Ninety-six male, SpragueDawley rats were randomly assigned into one control and two experimental groups. A full-thickness skin incision was made on the dorsal region of each animal. The experimental groups received 10 sessions of ES (sensory or motor) for 1 hour per day every other day. The results showed that FGF-2 levels in the sensory group were significantly greater than in the other groups on the third day. In the motor group, FGF-2 levels were significantly decreased compared with the control group. There were no significant differences between the normalized ultimate strength and stiffness in the groups, but they tended to be higher in the motor ES group. We conclude that the application of sensory ES during the early stage of wound healing may have a beneficial effect on wound healing by inducing the release of angiogenic factors and decreasing the duration of the inflammation phase.
INTRODUCTION
Wound healing is a complex biological process that requires interactions between a variety of cells, and growth factors have a key role in regulating these interactions [1] [2] . Several growth factors have been implicated as direct mediators of angiogenesis, the formation of new blood vessels from pre-existing blood vessels during wound healing, including basic fibroblastic growth factor (bFGF), fibroblastic growth factor-2 (FGF-2), platelet-derived growth factor, and vascular endothelial growth factor (VEGF). These angiogenic factors are released predominantly at the wound site by numerous cell types, including macrophages, neutrophils, fibroblasts, lymphocytes, and endothelial cells [3] [4] [5] [6] [7] [8] .
Electrical stimulation (ES) has long been used for wound healing [9] [10] [11] [12] [13] [14] [15] , and recently, it has been shown to possibly be clinically applicable for angiogenesis by stimulating the formation of angiogenic factors [16] [17] [18] [19] [20] [21] . There are some reports that ES induces an increase in the release of VEGF in muscle, both when ES causes muscle contraction and following subthreshold stimulation that does not induce contraction [18] [19] [20] [21] [22] [23] . To investigate the effect of ES on the release of FGF-2 in muscle, Shen and colleagues applied different frequencies of ES to ischemic skeletal muscles of rabbits for 4 weeks [24] . Their results showed that FGF-2 expression did not change in any groups. Nagasaka et al. reported that bFGF expression was not increased in rat skeletal muscles when low-voltage ES was applied with a stimulus intensity below the threshold for muscle contraction over a period of 5 days [18] . Düsterhöft and colleagues studied FGF and FGF receptor expression in lowfrequency stimulated rat muscles and rat satellite cell cultures [25] . They found that FGF-2 expression is enhanced in stimulated muscles. Furthermore, there is evidence that ES increases the release of angiogenic factors at the wound site. Morris and colleagues applied ES (square wave-pulsed direct current [DC] ) with both a 110 µs pulse duration and a 5 µs pulse duration to ischemic wounds in the ears of rabbits for 7, 14, or 21 days [21] . Both groups received ES at an amplitude of 11 mA, with an interpulse interval of 40 ms. They found that ES with a 110 µs pulse duration induces a significant increase in VEGF levels on the fourth day following injury. Fredericks et al. examined mRNA levels of FGF-2 in response to DC ES in a rabbit posteriorlateral fusion model [26] . They found that FGF-2 mRNA expression was significantly increased in the experimental group. Sato et al. demonstrated that ES induced production of FGF-2 in cultured retinal Müller cells [27] . Zhao et al. reported that direct effects of electric fields on endothelial cells induce the release of VEGF in culture [17] .
FGF-2 stimulates the proliferation of fibroblasts that give rise to the formation of granulation tissue and the angiogenic-related growth of blood vessels at the wound site; therefore, FGF-2 is very important in the woundhealing process [7] [8] [28] [29] . We found no in vivo study in the literature that directly examined the effects of ES on FGF-2 expression during wound healing. In our previous study, we applied ES to an incisional wound on the back in rats for 3 and 7 days (48 rats were assigned to two experimental groups and a control group). One experimental group received 600 µA of DC (sensory intensity group), and the other experimental group received 2.5 mA of monophasic current (motor intensity group). We measured the VEGF level in muscle and skin on the third and seventh days after surgical incision. Our results showed that skin VEGF levels were significantly higher in the sensory group than in the motor and control groups on the seventh day postinjury. However, no difference was found in muscle VEGF levels on the third and seventh days postinjury [16] .
Several groups of investigators have examined histological parameters in wounds of animals treated with ES [30] [31] [32] [33] , but the effects of different intensities of ES on histological parameters and growth factor expression have not yet been investigated.
This study was designed to evaluate the effect of sensory (600 µA) and motor (threshold of contraction) intensities of cathodal ES on the release of FGF-2 at the wound site, separately in skin and muscle, and its relation to proliferation of inflammatory cells, collagen fiber alignment, and angiogenesis. In order to better evaluate the two different intensities on wound healing, we measured tensile strength and stiffness of healed skin on day 21 postinjury.
In wound healing, FGF-2 is released mainly by macrophages, neutrophils, fibroblasts, and endothelial cells [7, [28] [29] , and it has been reported that these cells migrate toward the cathode (negative polarity) in an electrical field [9, 34] . Thus, it appears that applying cathodal ES to the wound site may increase the release of FGF-2.
MATERIALS AND METHODS

Animals
Ninety-six healthy, male Sprague-Dawley rats (weighing 250-300 g; Razi Vaccine and Serum Research Institute Karaj; Tehran, Iran) were used in this study. Animals were housed one per cage and maintained according to the controlled conditions outlined in the experimental guidelines of Tarbiat Modares University with a 12-hour light/dark cycle. The study was approved by the Ethics Commission of Tarbiat Modares University, Tehran, Islamic Republic of Iran.
Wounding and Treatment Protocol
The rats were anesthetized using a mixture of xylazine hydrochloride (20 mg/mL) and ketamine hydrochloride (100 mg/mL, Alfasan; Woerden, the Netherlands) (xylazine:ketamine ratio of 1:9 mL and dose of 1 mL/kg). The hairs on the middle of the back of each rat were shaved, and the area was cleaned with betadine antiseptic solution (Purdue Products LP; Stanford, Connecticut). Following sterilization, a 2.5 cm, longitudinal, full-thickness incision was made at a distance of 1 cm from the midline (spinal column) on the right side. The wounds were made through the skin and panniculus carnosus and were left unsutured.
The rats were randomly assigned into three groups (one control and two experimental groups), with each group consisting of 32 rats. Each group was divided into three subgroups according to the study period: day 3 (8 rats were studied to determine tissue FGF-2 levels and 2 rats were used for histological study), day 7 (8 rats were studied to determine tissue FGF-2 levels and 2 rats were used for histological study), and day 21 (2 rats were used for histological study and 10 rats for biomechanical study) postinjury. Treatment began 24 hours after wounding. Details of the method employed for ES application have been described previously [16] . The cathodal active electrode was placed on the incision wound area on top of sterile gauze moistened with normal saline solution, and an indifferent electrode was placed on the shaved area contralateral to the wound, at the highest part of back. Prior to treatment, the rats were placed in individual restraining devices to minimize movement during treatment, and the electrodes were fixed with straps to prevent electrode displacement. The polarity of the active electrode was negative during all of the treatment sessions for the experimental groups. In one of the experimental groups (sensory ES group), 600 µA of DC was applied for 1 hour per day, every other day, for 3, 7, or 21 days. In the other experimental group (motor ES group), 2.5 to 3 mA of monophasic pulsed current (an intensity high enough to elicit a visible minimum contraction) with a pulse duration of 300 μs and a frequency of 100 Hz was applied for 1 hour per day, every other day, for 3, 7, or 21 days. The electrical stimulation device used in this study was a BTL 5000 series device (BTL Industries, Ltd; Stevenage, United Kingdom). Electrodes in the control group were placed in locations identical to those used in the experimental groups, with the exception that no current was delivered through the electrodes.
Tissue Preparation and FGF-2 Level Determination
On days 3 and 7 postinjury, 8 rats in each group were sacrificed by chloroform inhalation and wound strips along the incision, including 3 mm from the edges, were removed and used as tissue samples to examine the FGF-2 protein content in the skin. Rectangular pieces (0.5 × 1 cm 2 ) of muscle tissue under the wound area were subsequently excised to determine the FGF-2 protein content in muscle.
Tissue samples were homogenized (100 mg/mL) in PBS (phosphate-buffered saline, pH 7.4, 100 mM). The buffer contained a cocktail of antiproteases (PMSF [phenylmethyl sulfonyl fluoride], EDTA [ethylenediaminetetraacetic acid], aprotinin). The homogenates were centrifuged at 12,000 rpm for 15 min at 4 °C. The supernatant was collected and stored at 80 °C until used. FGF-2 was determined with an enzyme-linked immunosorbent assay (ELISA) kit (USCN LIFE Science Inc; Wuhan, China). Briefly, standards or samples (50 μL) were pipetted into each antibody-coated well containing 50 μL assay diluent and incubated for 1 h at 37 °C, The wells were washed three times with wash solution, and then 100 μL of FGF-2 conjugate was added to each well. The samples were again incubated for 30 min at 37 °C. After washing five times, we added 90 μL substrate solution to each well. Samples were incubated for 15 to 25 min at 37 °C, after which, 50 μL of stop solution was added to each well. Optical densities of the wells were measured using a microplate ELISA reader (Sunrise Moder, Tecan Co; Vienna, Austria) at a wavelength of 450 nm. The FGF-2 concentration in the tissue samples was calculated from the standard curve and normalized by the weight of the skin.
Tissue Preparation and Histological Study
On days 3, 7, and 21 postinjury, two rats in each group were sacrificed by chloroform inhalation and fullthickness skin, including the margin of the wound and subcutaneous tissue, was excised and fixed in formaldehyde. These formalin-fixed tissues were subsequently processed through graded alcohol solutions and embedded in paraffin. The blocks were sectioned (5 µm thick) and mounted on microscope slides. The presence of edema and polymorphonuclear leukocyte (PNL) infiltrate on slides stained with hematoxylin and eosin (H&E) was classified using a semiquantitative scale: absent (0), discreet (+, <25%), moderate (++, 25%-50%), and intense (+++, >50%).
Mast cells were counted in 20 areas in each slide stained with toluidine blue. We quantified the number of vessels by counting them in 10 areas in each slide stained with H&E. Collagen density was qualitatively assessed on day 21 after staining with Van Gieson.
Tissue Preparation and Biomechanical Study
On day 21 postinjury, 10 animals in each group were sacrificed by chloroform inhalation and tissue samples were collected to perform the uniaxial tensile test. The tissue samples, 5 to 7 cm long and 3 cm wide, were taken perpendicular to the initial incision direction. To avoid measurement errors caused by tissue differences among the animals of each group and to establish an intra-animal control for higher precision and normalization of data, we also took a sample of adjacent healthy skin. The tissue samples were placed in a normal saline solution (0.9%) before testing.
The uniaxial tensile test was performed using a material testing machine (model Z 2.5, Zwick Gmbh & Co; Ulm-Einsingen, Germany). The rate of the tensile test was 20 mm/min. After the test, the load-deformation curve was obtained. To evaluate the biomechanical behavior, we measured ultimate tensile strength (Fmax, newtons), stiffness (newtons per millimeter), and deformation at Fmax (strain percent). After data collection, we normalized the measurements related to the values of adjacent healthy skin using the following equation: Normalized parameter = (value of wound sample/value of healthy sample) × 100.
Statistical Analysis
The statistical analysis was performed using SPSS statistical software (version 18.0, IBM; Armonk, New York). The differences between the groups for levels of FGF-2 were evaluated using the Mann-Whitney U-test. One-way analysis of variance and Tukey's test were used to compare data related to mast cells, new blood vessels, and biomechanical parameters between experimental and control groups. We considered p < 0.05 statistically significant.
RESULTS
FGF-2 Protein Levels in Skin Wound Tissue
The levels of FGF-2 protein in skin wound tissue for the different groups are shown in Figure 1 . On day 3 postinjury, skin FGF-2 protein levels in the sensory group were significantly higher than those in the motor and control groups (p = 0.001 and p = 0.02, respectively) and those in the motor group were significantly lower than those in the control group (p = 0.03). On day 7 postinjury, skin FGF-2 protein levels in the motor group were significantly lower than those in the control group (p = 0.007), but differences between the sensory and control groups were not significant (p = 0.1).
FGF-2 Protein Levels in Muscle Tissue
The FGF-2 protein levels in muscle tissue for the different groups are shown in Figure 2 . There were no significant differences in muscle FGF-2 levels between groups on days 3 and 7 (p = 0.7 and p = 0.11, respectively). 
Histological Results
The numbers of PNLs for the experimental and control groups on days 3, 7, and 21 are shown in Table 1 than that in the motor and control groups on days 3 and 7.
Furthermore, these cells were not observed at the wound site in the sensory group on day 21 postinjury. On day 3 postinjury, the number of mast cells in the motor group was significantly higher than that in the sensory and control groups (p < 0.001 and p = 0.001, respectively) (Figure 3) . Moreover, the number of new blood vessels in the motor group was significantly higher than that in the control group (p = 0.007) (Figure 4) .
On day 7 postinjury, the number of mast cells was significantly decreased in the sensory and motor groups compared with the control group (p = 0.03 and p = 0.02, respectively) (Figure 3) . The number of new blood vessels was higher in the sensory and control groups compared with the motor group, but this difference was not significant (Figure 4) .
On day 21 postinjury, the number of mast cells was completely decreased in all groups and no significant difference was found between groups (Figure 3) . 
Biomechanical Results
On day 21 postinjury, the motor group had the highest percent of normalized stiffness and strength compared with the sensory and control groups. However, there was no significant difference between groups ( Table 2 ). 
DISCUSSION
ES has beneficial effects on the wound-healing process [9] [10] [11] [12] [13] [14] [15] [35] [36] [37] , but the mechanism of these effects remains unclear. Angiogenesis factors play an important role in various phases of wound healing [2] [3] [4] [5] [6] [7] [8] . In a fullthickness wound, elevated levels of FGF-2 are found immediately in wound fluid, but significant expression of FGF-2 begins approximately 8 days after full-thickness wounding and peaks at 12 to 14 days [4, 28, 38] . Our results demonstrated that FGF-2 levels in the sensory group were significantly greater than those in the motor and control groups on the third day postinjury (p < 0.05). In the motor group, FGF-2 levels were significantly decreased compared with those in the control group on Table 1 . Polymorphonuclear leukocyte (PNL) counts (percent) within wound site in experimental and control groups on days 3, 7, and 21 postinjury.
Note: Absent = no PNLs observed in wound site, discreet = number of PNLs <25%, moderate = number of PNLs between 25% and 50%, intense = number of PNLs >50%. day 3 (p < 0.05). The application of sensory ES to incisional wounds appears to effectively induce the expression of FGF-2 in the early phase of wound healing. In our previous study, we reported that sensory ES can induce greater release of VEGF on day 7 after incisional wounding [16] . It seems that FGF-2 plays some role in VEGF signaling and upregulation of VEGF expression [7, 39] . Thus, according to results of the present study and those of our previous study, sensory ES, via an increase in expression of FGF-2 during the early phase of healing, may induce upregulation of VEGF during the proliferation phase of the healing process. The reason why sensory ES was more effective in the release of FGF-2 at the wound site is yet unclear, but may be related to the ability of microamperage ES to mimic the natural electrical field, or current, created following injury that facilitates the migration of cells toward the wound site [40] [41] . The fibroblasts, endothelial cells, and macrophages, as predominant producers of FGF-2 at the wound site [7, [28] [29] , migrate toward the cathode [9, 34] . Therefore, cathodal sensory ES induces greater release of FGF-2 at the wound site via stimulation of the migration of cells that produce FGF-2 toward the wound site. In this study, a significant increase in FGF-2 levels was not observed in muscle under the wound site in any groups on either day 3 or 7 postinjury. This finding is in accordance with those of previous studies [18, 24] . Shen et al. reported that different frequencies of ES did not increase FGF-2 expression in rabbit skeletal muscle [24] . Nagasaka et al. applied low-voltage ES to rat skeletal muscle with a stimulus intensity below the threshold for muscle contraction for a period of 5 days [18] . Their results demonstrated that bFGF expression was not increased in rat skeletal muscle. Of course, several studies have reported that ES of skeletal muscle led to an increase in FGF-2 expression [25, 42] . In our previous study, we reported that sensory and motor ES did not induce the release of VEGF in rat skeletal muscle [16] . Thus, we surmise that ES, with the parameters used in our study, does not induce the release of angiogenic factors (FGF-2 and VEGF) in normal skeletal muscles.
Group
Several studies have examined the effect of microamperage ES on histological parameters at the animal wound site [30] [31] [32] [33] [43] [44] . Demir et al. [31] , Weiss et al. [43] , and Taskan et al. [44] reported that microamperage ES led to a decrease in PNLs and mast cell numbers at the wound site. Their findings indicated a decrease in the duration of the inflammatory phase in the ES group compared with the control group. In the present study, sensory ES decreased PNL numbers during the healing period compared with motor ES and control groups and also caused a significant decrease in mast cells compared with motor ES and control groups on day 3 and compared with the control group on day 7 postwounding. The number of PNLs and mast cells was increased in the motor group on day 3 postwounding compared with the control group. However, on day 7, the number of PNLs and mast cells was decreased in the motor and sensory groups compared with the control group. Thus, application of motor ES during the early phase of wound healing may increase the inflammation activity of the wound-healing process.
There are controversial results from previous studies regarding the effects of ES on the biomechanical properties of healed wounds [30] [31] 34, [36] [37] [45] [46] [47] [48] . Although a comparison of the biomechanical properties showed no statistically significant differences between the normalized ultimate strength, stiffness, and strain in the groups, these biomechanical properties tended to be higher in the motor ES group. It is suggested that motor ES may have beneficial effects on the proliferation and alignment of collagen fibers by improving the biomechanical environment of the wound site. On day 21, the treated wound in the sensory ES group showed complete regeneration of epithelium and organization of the underlying structures. Furthermore, collagen fibers were uniformly distributed in the dermis with a parallel arrangement related to the skin surface (Figure 5(a) ), and newly formed vessels were scattered from the surface to deep within the skin. This distribution of new vessels may be related to the increase in the expression of FGF-2 and VEGF following the sensory ES on days 3 and 7 postinjury, respectively. In the motor ES group, the density of collagen fibers in the surface layer of the dermis was more obvious than that of the two other groups. Moreover, the collagen fibers in the motor ES group were aligned nearly parallel to the skin surface ( Figure 5(b) ). Newly formed vessels in the motor ES group were mainly distributed in the surface layer of Table 2 . Mean ± standard error of mean of percent of normalized biomechanical parameters on day 21 postinjury.
Figure 5.
Collagen fiber (red color) density in healed skin in (a) sensory electrical stimulation (ES) group, (b) motor ES group, and (c) control group. In sensory ES, collagen fibers were uniformly distributed in dermis with parallel arrangement related to skin surface, but in motor ES, concentration of collagen fibers was in surface layer of dermis and these fibers were arranged in parallel. Collagen fiber deposition was very low in control group. the dermis, which is consistent with higher collagen density in the surface layer of the dermis and the nonsignificant increase in mechanical strength of the skin in this group. In the control group, little deposition of collagen fibers was seen on day 21 postinjury (Figure 5(c) ). Sensory ES may be more effective in enhancing the expression of VEGF and FGF-2 in skin after wounding, but this effect does not significantly increase the number of new vessels. The increase of stimulus intensity above the motor threshold (the motor ES) enhanced the proliferation of collagen fibers, especially in the surface layer of the dermis; however, this enhancement had no significant effect on improvement of the biomechanical properties of the healed wound. No difference was found in muscle FGF-2 levels on days 3 and 7 after application of the sensory and motor ES. Future studies should be designed to clarify the effect of growth factor expression on the remodeling phase of long-term wound healing.
CONCLUSIONS
The application of sensory ES during the early stage of wound healing (inflammation phase and early proliferation phase) induces beneficial effects on wound healing by the release of angiogenic factors and decreases the duration of the inflammation phase. Application of motor ES during the late stage of healing (late proliferation and remodeling phase) produces better results on collagen density and the biomechanical properties of the healed wound. Therefore, different intensities of ES should likely be applied for the different stages of healing to obtain optimal effects. 
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